An improved urban inundation model, coupling a 2D non-inertia overland flow model with a storm water management model, is adopted to simulate inundation in urban areas. The model computes, not only the overland runoff and the water overflow through manholes where surface runoff exceeds the capacity of storm sewers, but also the bidirectional flow interactions between sewers and overland runoff. The model was verified by a typhoon event in Nov. 2000, which resulted in serious inundation in the Mucha area of Taipei City. The result shows that the present model indeed improves simulation accuracy over the earlier model, and can be used to provide a more reliable flood mitigation design.
I. INTRODUCTION
In urban areas, storm sewer systems are widely adopted for reducing surface runoff.
Many numerical models have been built for flow computation in sewer systems.
Stephenson (1981) , Yen (1986) , and Yen and Akan (1999) had excellent reviews of storm sewer modeling. Meanwhile, several studies (Lager and Smith, 1974; Huber, 1975; Marsalek et al., 1975) compared the model simulation and field observation results for various urban areas, and found that the agreement was good for ILLUDAS (Terstriep and Stall, 1974) and SWMM (Huber and Dickinson, 1988) . Due to the limited capacities of inlets or conduits, the sewer systems are not always able to carry all the (2) 171-177. DOI:10.1080 DOI:10. /02533839.2002 2 runoff. As a result, inundation takes place if the water overflows from sewer system at surcharged manhole. The excess water, including the rainfall excess and surcharged flow from sewer system, becomes surface runoff flowing on the surface toward lowlands until it reaches another under-capacity drainage inlet.
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Since both overland and sewer flows are generally unsteady, non-uniform and spatially varied (Akan, 1993) , various numerical methods were developed based on different assumptions to simplify the complex physical processes. These models may generally be classified into three categories. The most common category, used by much commercial software like MOUSE (DHI, 2000) and HYDROWORKS (Wallingford Software Ltd, 2000) , is to begin with the simulation of the sewer flows by using a sewer model to obtain the discharge hydrographs at surcharged manholes. As shown in Fig.   1 -a, surface inundation depth is then determined by water level or conceptual volume-depth rating curves. No dynamic computation of overland flow is performed. Hsu et al., (2000) developed an urban inundation model combining a storm sewer model, SWMM, and a 2-D diffusive overland-flow model to simulate surcharge-induced inundation in urban areas. The model may be classified as a second category that treats the water in the sewer system and on the ground surface separately.
The model assumes that the surcharge-induced overland-flow does not return to the sewers, as shown in Fig. 1-b , except at the locations of pumping stations. For cases with smooth topology, this assumption has little influence on the simulation accuracy.
However, for regions with local depressions, the interaction between surface runoff and sewer flow is bidirectional. The water does not only overflow from the surcharged sewers but may also flow back to the sewers. If bidirectional processes are neglected, the surcharged water would be shown as accumulating in the depressions and unable to Djordjević et al. (1999) tried an approach of a third category by using the concept of dual drainage. Bidirectional water movement between overland flow and sewer flow is considered. In Djordjević's model, the surface water levels in subcatchments are determined by simplified stage-volume functions and the surface runoff between subcatchments flows through a pre-determined surface flow path network. The flood information is lumped and unable to reflect the water movement within a subcatchment.
This study improves on the inundation model of Hsu et al. (2000) by coupling the overland and sewer flow models. As shown in Fig. 1 -c, the improved urban inundation model allows for the surcharged water to reenter the sewer system through manholes which are unsurcharged. Comparing to Hsu et al. (2000) , the newly developed model better simulates the real physical phenomena.
II. METHODOLOGY
To describe water movements between overland flow and sewers, the improved urban inundation model is developed by coupling a 2D non-inertia overland flow model with the EXTRAN block of SWMM. Furthermore, some modification is required of the original EXTRAN programming codes in order to compute overland and sewer flow iteratively.
Governing Equations
In the 2D non-inertia overland flow model, the inertial term in momentum equations is neglected based on the assumption that the acceleration term is small compared with the gravitation and friction terms. The depth-averaged shallow water equations on the overland surface are written as: 
where, d  the water depth, are the rate of water entering and leaving ground surface per unit area, which are expressed as
in which,   In Eqs. (2) and (3), it is assumed that the influx direction of rainfall or manhole effluent is normal to the overland surface and the inlet drainage leaves with practically the overland flow velocity components u and v (Abbott, 1998 
Flow Interaction
To simulate the flow interactions between the sewer system and the ground surface, the overflow from surcharged manhole to ground surface and drainage through inlet to sewer system are used for model linkage. The overflow from surcharged manhole
is calculated by the EXTRAN block. On the other hand, the surface flow intercepted and directed to the sewer system is called the inlet discharge. The surface runoff is collected by the inlets and drains to the sewer system through the manhole junction that the inlet connects to. There are various types of inlets, e.g., curb-opening inlet, gutter inlet and grated inlet (Linsley et al., 1992) , used in urban drainage. The inlet capacity can be determined based on its design. When no surcharge is occurring, the overland flow usually drains at the discharge of inlet capacity unless the flow rate is over the design capacity. The inlet discharge
is expressed as follows,
where
is the water depth at location   , which is a given constant. In a case in which the manhole where the inlet connects to is unsurcharged, the water drains with the rate
shown in Eq. (6) . In contrast, if the manhole is surcharged, which implies that the water is surcharging to the surface instead of entering the sewer, the
is set to zero. 
III. MODEL VERIFICATION
The Mucha area, located in the southern part of Taipei City (Fig. 2) , is surrounded by hills on the north and by flood levees along the Chin-Mei Creek on the east, south and west sides. The region is an isolated urban drainage area due to its geographic conditions, and taken as the study area for the present model. Four pumping stations, 
IV. DYNAMIC WATER INTERACTIONS
The improved urban inundation model simulates the flow interaction between there unless reentering the sewer system is simulated. The simulation result in Fig. 7 shows that point A was not inundated until the 8 th hour, namely, the design capacity of the sewer system was capable of draining the runoff and no manhole in the depression was surcharged. Point A began to be inundated from the 8 th hour due to the intensity of rainfall and upstream conduit discharge. The rainfall intensity during the 9 th to the 11 th hour was lower than before the 8 th hour, the sewer system was capable of draining the surcharged water out of the depression. In the present model, the physical process of surcharged water reentering the sewer system was well simulated, and the inundation depth began to decrease at the 9 th hour. However, in the earlier model, the surcharged water was distributed to the area of depression instead of being drained out, and thus the inundation depth remained high.
At the 12 th hour, the rainfall intensity increased and the surcharge occurred again, lasting to the end of the event. The surcharged water quickly drained out, within 6 hours of the rainfall ending. In contrast, the earlier model allows only the water above the outlet stage to flow out of the depression, the rest staying trapped in the depression. As a result, the final inundation depth at point A is 0.95m (shown in Fig. 7 ), the elevation difference between point A and the outlet point of the depression. Fig. 7 
also indicates
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8 that the present model predicts a higher inundation depth than the earlier model during hours 18 to 27. This is a result of sewer system interaction. The upstream conduit discharge increased due to the runoff that flowing back to sewers at upstream unsurcharged inlets from overland flow caused by other surcharged manholes, thus the surcharge increased and caused more serious inundation at point A. In the earlier model, the surcharged water from manholes outside the depression started converging on the region at the 8 th hour. As shown in Fig. 9 , the water lower than the depression outlet was then trapped. On the contrary, the simulation of the present model indicates that the initial surcharge water was captured by other unsurcharged inlets and reentered the sewer system until those inlets were also surcharged after the 18 th hour. Similar to point A, the water flooding the depression was completely drained by the 29 th hour. Meanwhile, point B was inundated from the 20 th to 28 th hours with a deeper inundation. Again, this is due to the surcharge increased by the flow returning to the sewer system at upstream unsurcharged inlets. 
V. CONCLUSION
An urban inundation model was improved to account for dynamic flow interactions between the sewer system and the ground surface. The present study investigates the interactive phenomena between the sewer system and overland flow, and refines an earlier model to give more reasonable simulation results. Due to the fact that water can be drained out through inlets when the sewer capacity is available, the flood durations in depression regions predicted by the improved model are shorter than simulated by the earlier model. The maximum inundation depths were predicted to be shallower in upstream local depressions. However, in depressions with upstream manholes, the surcharge may be increased by the flow that reenters the sewers at upstream inlets which are unsurcharged. Therefore, the maximum inundation depth could be underestimated without taking the dynamic water interaction into consideration.
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